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N =	5,	from	Fair	Isle,	UK)	and	common	guillemots	(Uria aalge,	N =	2	from	Fair	Isle	and	
N =	2	 from	 Colonsay,	 UK).	We	 used	 a	 clustering	 algorithm	 to	 identify	 pursuit	 and	
catching	events	and	the	time	spent	pursuing	and	catching	underwater,	which	we	then	
used	as	indicators	for	inferring	prey	encounters	throughout	the	water	column	and	re-
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are	 nested	 within	 low-	density	 patches	 at	 larger	 scales	 (Fauchald,	
Erikstad,	 &	 Skarsfjord,	 2000;	 Regular,	 Hedd,	 &	Montevecchi,	 2013;	









Technical	 advances	over	 the	 last	50	years	have	enabled	 the	col-
lection	 of	 data	which	 can	 capture	 the	 types	 of	movement,	 feeding	
behavior,	 and	 physiological	 processes	 in	 environments	where	 direct	




date.	The	 analysis	 and	 interpretation	of	 these	 types	of	 data	 involve	
the	classification	of	different	behavioral	patterns,	reconstructed	time–








Langrock	 et	al.,	 2012;	 Morales,	 Haydon,	 Frair,	 Holsinger,	 &	 Fryxell,	
2004;	 Pinto	 &	 Spezia,	 2015).	 These	 methods	 show	 that	 foraging	
predators	 typically	 follow	 the	 hierarchical	 patchy	 distribution	 of	 re-
sources	 varying	 their	 search	 tactics	 at	 several	 spatial	 and	 temporal	







understood.	 Recently,	 studies	 have	 begun	 to	 associate	 movement	
data	with	 the	 quantitative	 assessment	 of	 prey	 density	 and	distribu-
tion	 (Boyd	et	al.,	2015;	Carroll	 et	al.,	2017;	Goldbogen	et	al.,	2015).	










&	 Raubenheimer,	 2011;	Watanuki	 et	al.,	 2006).	 Depending	 on	 spe-
cies	and	search	tactics,	restricted	search	behaviors	may	be	performed	
above	or	below	water	in	association	with	persistent	sea	shelf	ocean-
ographic	 fronts	 and	 fine-	scale	 physical	 features	 such	 as	 horizontal	






2002;	 Thompson	 &	 Fedak,	 2001).	 Based	 on	 this	 assumption,	 dive	
shapes	have	been	classified	and	assigned	to	different	behaviors:	for-
aging,	transiting,	and	resting	(Thums,	Bradshaw,	&	Hindell,	2008).	The	




catching	 events	were	 recorded	with	 cameras,	 have	 extracted	 more	
complex	gain	functions	when	comparing	the	number	of	prey	caught	
with	 residence	 time	 in	 patches	 of	 prey	 species	 (e.g.,	Watanabe,	 Ito,	
&	Takahashi,	 2014).	Moreover,	 recent	 analysis	 combining	TDRs	 and	
accelerometers	highlighted	that	the	common	interpretation	that	a	lon-
ger	bottom	phase	duration	is	an	indication	of	higher	foraging	success	
may	 not	 always	 be	 accurate	 (Viviant,	 Jeanniard-	du-	Dot,	Monestiez,	
Authier,	&	Guinet,	2016).	It	is	important	to	use	the	correct	metrics	of	
















examine	 movements,	 search	 strategies,	 predator–prey	 interactions,	
and	how	foraging	behavior	relates	to	the	surrounding	habitat	(Elliott	
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series	of	locations,	where	they	perform	combinations	of	isolated	dives	
and	groups	of	dives	(called	“dive	bouts”),	suggesting	a	hierarchical	and	
patchy	 distribution	 for	 their	 prey	 (Boyd,	 1996;	Mori,	 1998).	 Studies	









aging	 behavior	 of	 common	 guillemots	 indicate	 high	 percentages	 of	
active	 foraging	on	 individual	prey	and	on	 low-	density	 shoals	 (Crook	
&	Davoren,	2014).	However,	 it	 is	not	currently	well	known	how	the	
foraging	 patterns	 of	 these	 marine	 predators	 are	 influenced	 by	 the	
density,	distribution,	and	behavior	of	prey	and	how	they	adjust	their	
behavior	in	response	to	changes	in	prey	availability.	Modeled	foraging	










of	 the	 species	and	 the	 relative	abundance,	distribution,	 and	 type	of	
prey	 throughout	 the	 water	 column.	 From	 the	 behavioral	 classifica-
tion	of	accelerometer	data,	it	is	possible	to	detect	pursuit	or	catching	
events	(PCEs)	occurring	during	dives,	which	are	characterized	by	fast	
and	 sharp	 movements	 (Chimienti	 et	al.,	 2016;	 Viviant	 et	al.,	 2010).	
We	 	further	use	 the	 information	obtained	 from	PCE	 to	explore	prey	
availability	and	the	profitability	of	food	patches	visited	at	two	foraging	
levels:	 individual	dives	and	dive	bouts.	We	propose	that	 I)	 the	num-





2  | MATERIALS AND METHODS
2.1 | Data
Data	were	collected	 in	2014	and	2015	at	two	 locations	 in	Scotland	
(UK),	Colonsay	(56°3054N,	6°24021″W),	and	Fair	Isle	(59°22055″N,	
1°48026″W).	 Axy-	Depth	 tags	 (TechnoSmArt,	 http://www.technos-
	 mart.eu/),	 which	 comprise	 a	 tri-	axial	 accelerometer	 and	 a	 time–
depth	recorder	 (TDR),	were	deployed	 in	combination	with	GPS	tags	
(Gt-	120,	IgotU)	and	mounted	using	Tesa	tape	(Tesa,	Extra	Power)	on	
the	 backs	 of	 common	 guillemots	 and	 razorbills.	 GPS	 tags	were	 set	
to	 record	 the	 location	every	100	s,	 and	accelerometers	were	set	 to	
record	 	pressure	 (millibar,	 precision	 of	 0.5	millibar)	 and	 temperature	
(°C,	precision	of	0.1°C)	at	1	Hz	and	acceleration	in	three	dimensions	
at	25	Hz	(Chimienti	et	al.,	2016).	Data	from	four	common	guillemots	
and	five	razorbills	were	collected,	respectively,	from	Colonsay	(n = 2 




















of	 five	 days.	Mean	 body	mass	was	 634.75	±	32	g	 for	 razorbills	 and	
878.75	±	76	g	for	guillemots	(Table	S1).	Sex	and	age	were	unknown.	
Animals	can	be	affected	by	the	attachment	of	devices	during	capture	
and	 handling	 (Mcmahon,	 Field,	 Bradshaw,	White,	 &	 Hindell,	 2008)	
to	 the	 psychological	 and	 physical	 stress	 of	 carrying	 a	 foreign	 body	
(Ropert-	Coudert,	 Knott,	 Chiaradia,	 &	 Kato,	 2007;	 Wilson	 &	 Duffy,	



























(230	m)	 from	 the	 European	Marine	Observation	 and	Data	Network	
(EMODnet,	 http://www.emodnet-bathymetry.eu/).	 GPS	 positions	









In	 other	 diving	marine	 predators	 (e.g.,	 the	 little	 penguin	 (Eudyptula 
minor),	 Peruvian	 booby	 (Sula variegata),	 and	 Guanay	 cormorant	














alized	additive	mixed	models	 (GAMM)	for	both	species	using	 the	gam 
function	in	the	mgcv	package	(Wood,	2006;	see	R	code	in	S2).	We	tested	
different	model	 structures	considering	both	maximum	dive	depth	and	
dive	 duration	 as	main	 effects	 and/or	 as	 interactions	within	 the	 same	











way	 as	 the	 smoothers,	 as	 penalized	 regression	 term.	 Collinearity	 be-
tween	the	variables	depth	and	duration	was	not	an	issue	for	these	mod-













splines;	 and	 fID(Duration,	Depth)	 is	 an	 individual-	specific	 anisotropic	
PCE∼Poisson(λ)
(1)log (λ) = αID + fID(Duration) + fID(Depth) + Animal ID + Bout ID
(2)log (λ) = αID + fID(Duration, Depth) + Animal ID + Bout ID
(3)
log (λ) =αID + fID(Duration)+ fID(Depth)
+ fID(Duration, Depth) + Animal ID + Bout ID
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where f(Duration)	 and	 f(Depth)	 are	 isotropic	penalized	cubic	 regres-
sion	splines,	and	f(Duration,	Depth)	is	an	anisotropic	bivariate	penal-
ized	cubic	regression	spline.	For	all	models,	the	basis	dimension	was	
set	 to	5,	Animal	 ID	was	 set	as	 fixed	effect,	 and	Bout	 ID	was	 set	as	
random	effect.
In	contrast	 to	 the	 razorbills,	 the	 four	guillemots	performed	both	
types	of	dives	 (pelagic	and	benthic,	 see	Results	 section).	The	differ-
ent	 areas	 used	 for	 foraging	 had	 different	 bathymetric	 profiles.	As	 a	
consequence,	the	number	of	PCE	was	modeled	for	the	two	different	
types	 of	 dives	 considering	 maximum	 dive	 depth	 and	 duration,	 ba-
thymetry,	animal	ID	as	fixed	effects	and	Bout	ID	as	a	random	effect	
(Equations	7–9,	Table	S2).









We	 tested	 the	 hypotheses	 that	 time	 spent	 underwater	 in	 a	 dive	
bout	 can	 predict	 PCT.	We	 assumed	 that	 each	 dive	 bout	 was	 an	
indication	of	the	animal	sampling	or	exploiting	a	foraging	patch.	PCT	
was	then	assumed	to	indicate	the	effort	invested	within	the	whole	
foraging	 patch.	We	 assumed	 that	 patch	 residence	 time	 (i.e.,	 time	
spent	underwater)	was	likely	to	increase	with	patch	quality	in	het-
erogeneous	 habitats	 (Calcagno,	Mailleret,	Wajnberg,	 &	 Grognard,	
2014;	Wajnberg,	Fauvergue,	&	Pons,	2000)	giving	insights	into	re-





Animal	 ID	was	 set	 as	 fixed	 effect	 in	 all	models.	 The	 analysis	was	
performed	 using	 the	 Tweedie	 distribution	 because	 time	 can	 only	
have	positive	values.
where	p	 is	1.05,	Timebout	 is	 the	 time	spent	underwater	 in	 the	bout,	
and fID(Timebout)	 is	 the	 individual-	specific	penalized	cubic	 regression	
spline	 function	 of	Timebout.	 The	 basis	 dimension	was	 set	 to	 3.	This	




where fID(log(Timebout))	 is	 the	 individual-	specific	 isotropic	 penalized	
cubic	regression	spline.
2.5 | Comparison between the two species
To	observe	 the	general	pattern	among	the	 two	species	and	make	a	
comparison,	we	considered	individuals	belonging	to	the	same	species	
as	one	group	then	 looked	at	 the	 ratio	between	the	 time	spent	pur-
suing	and	catching	and	time	spent	underwater.	Both	variables,	 time	

















+ Animal ID + Bout ID




+ Animal ID + Bout ID
(6)












+ Animal ID + Bout ID
PCE∼Poisson (λ)
(7)








+βCLASS.Bathymetry+Animal ID + Bout ID
(8)




+βCLASS.Bathymetry + Animal ID + Bout ID
(9)













+Animal ID + Bout ID
PCT∼Tweedie(μ,p)























6  |     CHIMIENTI ET al.
dives	 performed	 in	 different	 locations	 (Figures	2	 and	 8).	 COGU	 1	
and	COGU	2,	 tracked	 in	2014	 from	Colonsay,	 foraged	 in	 shallower	




For	 the	models	 considering	 the	 individual	 ID	 for	 razorbills	 as	 an	
interaction	within	 the	 spline	 (Equations	1–3),	 the	model	 considering	
both	maximum	 dive	 depth	 and	 duration	 as	main	 effects	 as	well	 as	
their	 interaction	within	the	same	spline	was	the	best	fit	 (Equation	3,	













In	 the	 model	 considering	 different	 splines	 for	 each	Animal	 ID	
(Equation	3),	the	effect	of	dive	duration	was	significant	in	all	razor-
bills;	dive	depth	was	also	significant	in	RAZO	2	and	RAZO	3	and	the	
interaction	 between	 the	 two	variables	was	 significant	 in	 all	 razor-
bills	except	RAZO	1	 (Figs	S2,	S3	and	S4,	p-	value	<.001,	Table	S4).	
For	 RAZO	1,	 RAZO	2,	 RAZO	4,	 and	RAZO	5,	 the	 number	 of	 PCE	










In	 guillemots,	 the	model	 selection	 indicated	 equal	 support	 for	
the	model	including	maximum	dive	depth	and	duration	as	main	ef-
fects	and	for	the	model	including	depth,	duration,	and	their	interac-
tion	 (Table	S2).	We	therefore	selected	 the	model	with	 the	simpler	
structure	(Equation	7).	The	analysis	of	the	number	of	PCE	performed	
in	each	dive	 in	 response	 to	dive	duration	and	dive	depth	 resulted	
in	different	predictions	for	benthic	and	pelagic	dives.	The	effect	of	
both	dive	duration	and	depth	was	significant	for	pelagic	dives,	while	
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and	 fairly	 consistent	 results	 among	 individuals	 of	 the	 same	 species,	















While	 foraging,	 predators	may	 use	 hierarchical	 foraging	 tactics,	 re-
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search”	 (ARS)	 movements	 or	 series	 of	 dives	 in	 each	 foraging	 loca-
tion,	 reflecting	 the	 spatial	 and	 temporal	 dynamics	 of	 food	 patches	





movement	 data	 to	 explore	 the	 feeding	 strategy	 of	 two	 species	 of	
diving	seabirds	in	more	detail.	We	propose	using	the	number	of	PCE	
as	 an	 indicator	 of	 the	 effort	 that	 an	 animal	 chooses	 to	 invest	 in	 a	
specific	 location	 (Thums,	Bradshaw,	Sumner,	Horsburgh,	&	Hindell,	
2013;	Watanabe	 et	al.,	 2014).	 By	 exploring	 the	 number	 of	 PCE	 in	





4.1 | PCE as indicator for prey encounters in the 
water column
The	depth	distribution	of	prey	plays	an	important	role	in	how	preda-
tors	 use	 their	 habitat	 (Benoit-	Bird	 et	al.,	 2013;	 Boyd	 et	al.,	 2016;	
Carroll	et	al.,	2017).	By	exploring	the	relationship	between	the	num-
ber	of	PCE	with	dive	depth	and	duration,	we	have	shown	that	 two	






thic	 dives	 and	 consistently	 foraged	only	 in	 the	 top	15–20	m	of	 the	
water	column	(Figures	2–3	and	Fig.	S2).	Within	each	dive,	the	depths	
at	which	the	higher	number	of	PCE	was	performed	were	variable,	sug-
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way	back	up	 through	 the	water	 column	and	are	 therefore	 targeting	
habitats	where	prey	are	available	in	the	upper	surface	waters.





tidal	 currents	 and	 upwelling	 currents	 move	 prey	 toward	 the	 water	
surface	 and	 therefore	 increase	 their	 catchability	 (Embling,	 Sharples,	
Armstrong,	Palmer,	&	Scott,	2013;	Enstipp,	Grémillet,	&	Jones,	2007;	
Stevick	et	al.,	2008).	Despite	greater	physiological	capabilities	(Thaxter	
et	al.,	 2010),	 razorbills	 performed	 short	 and	 shallow	 dives	 in	 areas	
characterized	by	wide	bathymetric	variation,	 possibly	 indicating	 for-
aging	decisions	driven	by	profitability	of	the	food	patches	(Figure	7).
However,	 physical	 characteristics	might	not	 always	be	exploited	
by	 common	 guillemots	 when	 foraging	 (Benoit-	Bird	 et	al.,	 2013).	
Guillemots	 sampled	 deep	 parts	 of	 the	 water	 column	 and	 the	 sea	
floor	 (Figures	2	 and	4)	 at	 both	 locations	 in	which	 they	were	 tagged	
(Figure	8).	The	area	used	around	Colonsay	was	much	shallower	than	
the	 area	 used	 around	 Fair	 Isle.	 Different	 environmental	 conditions	
(e.g.,	type	of	prey	encountered	through	the	water	column)	and	bathy-
metric	profiles	around	the	colonies	can	have	an	impact	on	type	of	be-





By	 switching	between	pelagic	 and	benthic	prey,	 and	performing	
different	PCE	between	pelagic	 and	benthic	 locations,	 diving	marine	
predators	 adjust	 their	 behavior	 to	 maximize	 the	 opportunities	 pre-
sented	 in	 the	 range	of	 trade-	offs	between	pelagic	and	benthic	prey	
availability	 (Benoit-	Bird	 et	al.,	 2011;	Thums	 et	al.,	 2013).	Guillemots	













around	 Colonsay	 were	 shallower	 than	 those	 used	 around	 Fair	 Isle	
(Figure	8).	 At	 shallower	 depths	 (e.g.,	 50	m),	 guillemots	 could	 spend	












while	 performing	benthic	 dives	 (Elliott	 et	al.,	 2014).	 It	 is	 not	 known	
if	by	switching	type	of	dive,	and	possibly	the	type	of	prey	pursued,	a	
different	amount	of	effort	is	required.
4.2 | Species- specific foraging strategies: responses 
to changes in prey availability





corresponding	 to	 biophysical	 phenomena	 that	 lead	 to	 patchiness	
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Within-	patch	 movements	 in	 foraging	 individuals	 have	 been	
	explained	 by	 the	 change	 in	 movement	 parameters	 based	 on	 their	
	experience	of	resource	encounters.	Earlier	studies	have	defined	and	
observed	ARS	movements	 in	 animals	 that	 reduce	movement	 speed	
and/or	increase	sinuosity	in	response	to	a	highly	clumped	resource	dis-
tribution	(Bailleul,	Lesage,	&	Hammill,	2010;	Barraquand	&	Benhamou,	






sure	of	 the	number	of	 prey	 caught.	 PCEs	 are	not	 always	 successful	
and,	 depending	 on	 the	 type	 of	 prey	 targeted	 and	 the	 type	 of	 dive	
performed	(pelagic	or	benthic),	animals	move	differently,	investing	dif-
ferent	effort,	which	 is	 translated	 into	different	numbers	of	 catching	










that	 the	animals	were	 feeding	on	 large	prey	aggregations	 that	were	
being	depleted	or	dispersed	over	time	(Watanabe	et	al.,	2014).














patch	diminishes.	As	a	consequence,	 the	 instantaneous	 rate	of	 food	
gain	 drops.	The	 forager’s	 expectation	 of	 the	 profitability	 of	 a	 patch	
can	 be	 influenced	 by	 the	 experience	 of	 previously	 visited	 patches	
(Vásquez,	Grossi,	&	Marquez,	2006).	In	poor	patches,	where	capture	is	
rarer,	predators	might	take	longer	to	assess	the	local	profitability	than	




























Fish	 schools	 close	 to	 the	 sea	 floor	 can	be	 larger	 and	 less	dense	
during	neap	tides	compared	to	shallow	pelagic	fish	schools	(Embling	
et	al.,	2013).	Feeding	on	deep	dispersed	pelagic	or	benthic	prey	and	
targeting	 small	 prey	patches	or	 isolated	prey	might	 require	 a	differ-
ent	foraging	strategy	than	that	employed	for	schooling	fish	(Crook	&	
Davoren,	2014;	Thums	et	al.,	 2013).	We	propose	 that	 the	observed	
species-	specific	 foraging	strategies	are	 the	 result	of	 species-	specific	








tracking	data	with	prey	 survey	data	 are	very	 rare	 (Boyd	et	al.,	 2015;	
Carroll	et	al.,	2017).	Research	on	 foraging	site	selection	and	how	se-





4.3 | The future of combined movement data
Tracking	devices	have	been	used	previously	as	a	method	for	quantify-
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constraints.	In	our	study,	the	small	sample	size	obtained	does	not	allow	
us	to	estimate	the	degree	of	variation	 in	the	behaviors	observed	be-









erometers	 using	 dive	 data	 only	 to	 assess	 foraging	 success	 and	 test	
optimal	foraging	theory	(Foo	et	al.,	2016;	Jouma’a	et	al.,	2015;	Viviant,	
Monestiez,	&	Guinet,	 2014).	Dive	 duration	 and	 depth	 are	 generally	














Understanding	 how	 marine	 predators	 select	 and	 exploit	 different	
types	of	prey	patches	from	high-	frequency	movement	data	offers	the	
unique	opportunity	to	comprehend	the	behavioral	ecology	behind	dif-
ferent	movement	 patterns	 and	 improves	 our	 understanding	 of	 how	
animals	might	 respond	 to	 changes	 in	 prey	 distributions.	 By	 looking	
at	the	foraging	behavior	of	two	species	of	seabirds,	we	have	gained	
new	 insights	 into	 the	 different	 strategies	 used	when	 pursuing	 prey	






pelagic	 dives,	most	 likely	 exploiting	 fish	 aggregations	 distributed	 at	








at	 broader	 scales	 will	 provide	 solid	 foundations	 for	 the	 analysis	 of	
long-	term	 movement	 datasets.	 These	 new	 modeling	 approaches,	
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